Beam Monitoring and Relative Dosimetry
To successfully exploit the high level of precision potentially achievable with protons, the position and characteristics of the beam relative to the patient target must be known at all times throughout the treatment. Specifically, this could require monitoring of the patient position, the position of the target within the patient, the integrated beam intensity, the instantaneous beam position, the location of beam shaping devices, the beam energy and the beam shape. Methods of monitoring radiationrelated parameters are discussed in Sections 6.1 and 6.2. Of course, a program of quality assurance of the physical aspects of proton beam treatment is essential and also involves beam monitoring and relative dosimetry. Quality assurance is discussed in Appen-dixA.
Beam Monitoring
For safety reasons, two completely independent dose monitoring devices with regularly verified calibration are needed, which give a signal proportional to the patient dose. Ionization chambers may serve this purpose. If the accelerator used is capable of high intensities or bursts of protons, special care in the design of the monitor system is required. If the dose monitors can be saturated by excessively high dose rate, an additional less sensitive monitor is necessary, which is capable of rapidly terminating beam exposure. As an example, secondary emission monitors (SEMs) may be used for this purpose. The intensity monitors must be directly wired into the interlock system using a fail-safe method which does not allow operation of the beam if they are not working properly.
For static beam delivery systems, beam centering devices are required which are able to detect misalignment between the beam and the beam modifying elements, interrupting treatment if necessary.
For dynamic treatment systems, parameters such as range shifter position, patient couch position, etc., which are not directly monitored by radiation detectors, must be checked by continuous reading of position through a channel which is independent of the control unit for that element. A suitable element may be an absolute angle decoder, for example.
For dynamic beam delivery techniques, it is also necessary to use devices capable of monitoring the energy and position of the beam at all times. Such devices need to be both fast and yield reproducible results. In general, this will be done with a position sensitive monitor just in front ofthe patient. Arrays of parallel plate ionization chambers or multiwire chambers are well suited for this purpose. Checking the depth of penetration of protons is more difficult.
Indirectly, it can be verified by checking the position of wedges or range shifter plates if the range is controlled mechanically. The information must be collected and processed rapidly enough to minimize the possibility of mistreatment.
Detection of positron emitters produced within the geometrical limits of the proton beam can help to verify the position of the beam relative to the patient and, to some extent, the beam penetration. The ability to perform such measurements requires the availability of a positron camera in the vicinity, due to the short half-lives of the radionuclides produced. The induced radioactivity can depend on the tissue density and proton energy spectrum, as well as on the absorbed dose at the point of interest. A positron i camera within the treatment room could, in principle, be used as a monitor of both the beam position and beam penetration during the irradiation (Smith et al., 1977) .
Depending on the location of the target volume within the patient, continuous monitoring of the position of the patient and/or target volume could be required. In extreme situations, such as irradiation of lung tumors or targets within uncooperative patients, gating of the beam delivery system with physiologically derived signals from the patients (e.g., breathing) might be desirable.
Detectors for Monitoring Beam Intensity
Parallel plate ionization chambers are most frequently selected as integral dose monitors. Air or nitrogen filled chambers are typical choices. For unsealed chambers, automated correction for atmospheric pressure and temperature is recommended. Multi-element ionization chambers can be used for monitoring both beam intensity and beam profile. The latter application will be discussed in more detail in Section 6.1.2. For scanning beam measurements, a small air gap and high field strength of a few kVlcm can yield response times less than 100 fLS (Lin et ai., 1994) . Fast recycling charge integrators for multi-channel readout are also available (Renner etal., 1989) . Wire chambers filled with gas that is not electronegative can be used for the same purpose, as they are well-suited for low dose rates and high resolution if operated in the proportional mode.
6.1.1.1 Ionization Chambers for Beam Monitoring. Depending upon experimental conditions, ionization chamber response can be related not only to absorbed dose, but also to cema, current, fiuence, or fiuence rate. For example, when the change in proton energy during a cavity traversal can be neglected, the average charge produced per proton traversing the gas, Q I Np(E), is given by (6.1) where (S(Ep)/p)g is the mass electronic stopping power for the gas g at proton energy Ep, P is the density, x is the mean path length in gas, and w(EpJ is the mean energy needed to produce an ion pair for protons of energy Ep losing (S(EpJg . x) energy in the gas. This constitutes a measurement proportional to the proton fluence. A transmission ionization chamber (TIC) is well suited to fluence or fluence rate determination. In this device, one or more parallel plate ionization chambers are positioned in series, with the plates perpendicular to the proton beam axis. Assuming that ionization in the TIC is due only to electronic interactions of the primary beam protons, the ionization-per-proton monotonically decreases by a factor of about 2.5 for protons from 70 to 250 MeV. Figure 6 .1 plots values of the ionization produced per proton versus proton energy for air, He, and Ar gas filling relative to the value at proton energy Eo = 250 MeV based upon:
This simple dependence on stopping powers shows that a calibration of the TIC at a reference energy, Eo, predicts the response at any other energy Ep-Note that this equation ignores any dependence of the differential value w on proton energy. Mass electronic stopping power values for the different filling gases are interpolated from the tabulations ofICRU Report 49 (lCRU, 1993) .
The usefulness of a TIC for relative fluence or fluence rate determinations is apparent. As most of the gas ionization is produced by primary protons, the TIC walls can be of arbitrary material and oflow mass. Parallel plate geometry simplifies the electrode design and yields a uniform electric field. Electric fields in excess of 500 V mm -1 may be needed to ensure rapid charge collection with minimum recombination effects.
Despite these advantages, there are some areas of concern. For example, at such large electric field strengths, some deflection of the collection plates will occur and produce an active chamber thickness different from the assumed geometry, This will be more important if thin foils are used for the chamber plates. However, only volume changes that vary in time or are unaccounted for are important.
If a noble filling gas is used, gas purity becomes important (Jesse and Sadauskis, 1952; Jesse and Sadauskis, 1953; ICRU, 1979) . The so-called Jesse effect results from small concentrations of impurities in the noble filling gas yielding W values substantially different from that of the pure gas. This is due to stable excited states of the noble gas producing ionization in the contaminant gas by energy transfer. Figure 6 .2 illustrates this phenomenon for He filling gas and several contaminants. Such W variations are dependent on concentration which may be time-dependent.
Due to the large interaction coefficients of the primary protons, energy loss in a TIC can be minimized by using small electrode gaps and gas pressures below an atmosphere. However, gas pressure stability and purity can then be problematic. Mediation of the uncertainty in ionization due to the Jesse effect is possible by purposely adding a sufficient concentration of a selected contaminant. Besides reducing the uncertainty associated with the Jesse effect, the contaminant produces larger electron drift velocities enabling an improved TIC response time (Bortner and Hurst, 1953) .
Another problem may be recombination losses due to the production of a large charge density produced by high proton fluence rates. For example, a 250 MeV proton beam of 10 nA and 5 mm diameter, crossing a 5 mm air-filled collection region produces an ion current of 0.6 ,uAand an ion current density of 6 nA mm -3 at atmospheric filling pressure. According to Boag's theory of general recombination (Boag, 1966) , the estimated ion collection efficiency for this situation is about 80% for an electric field strength of Figure 6 .3 shows a plot of the ion collection fraction, f, versus beam area, A, for several proton currents and for a 1 kV mm-1 electric field in a 5 mm collection region filled with air at atmospheric pressure. the ion collection fraction versus electric field strength for several proton currents, a beam diameter of 10 mm and a 5 mm gap filled to atmospheric pressure with air. For a current of 10 nA, small area beams of about 1011 protons per second require careful design of the TIC. Employing non-electronegative gases, such as He or Ar, and lower pressures significantly reduces the recombination problem with a concomitant increase in difficulty of design and quality assurance of stability.
An example of these ion recombination effects is given by data collected during the commissioning studies for the proton therapy facility constructed at Fermilab for Lorna Linda University Medical Center (Cole et al., 1987) . In this case, a TIC with a 6 mm electrode gap filled to one atmosphere with air was bombarded by different fiuence rates of 230 MeV protons. The electric field strength was 0.135 kV mm -I. Measured ion collection fraction values are plotted versus time-averaged proton fiuence in Figure 6.5. Ion collection fraction values based upon Boag's formulation assuming continuous irradiation, are also indicated (Boag, 1966) . The measured values deviate significantly from Boag's constant current prediction due to the time structure of the extracted beam (Siebers, 1990) . Specifically, the beam was extracted non-uniformly over a one second interval in bursts of less than 100 j.LS. These beam extraction conditions produce large instantaneous proton fiuence rates and correspondingly low ion collection efficiencies. Another TIC with a 3 mm air-filled gap and electric field strength of 0.835 kV mm-1 was ...... found to have negligible ion collection losses under similar bombardment conditions (Siebers, 1990).
t:
6.1.1.2 Other Beam Monitoring Detectors. Another monitoring device which is particularly well-suited for large proton fluence rates is an electron secondary-emission monitor (SEM) (Taufest and Fechter, 1955) . Such devices consist of one or more thin metallic foils mounted in an ultra-high vacuum enclosure. As the foil is traversed by protons, electrons are released, resulting in a net current flow that provides the signal (Laulainen and Bichsel, 1972) . Typically, less than one electron per foil will be generated for each passing proton. Karzmark provides a useful discussion of the performance of SEM's as applied to fluence monitoring of electrons (Karzmark, 1964) . For electron beams, Karzmark reports 0.035 electrons per foil at 8 MeV. The nature of the device avoids recombination losses. Hence the device has a large dynamic range with excellent linearity. Several thin foils can be used to improve the sensitivity with a small reduction in proton range. The instrument can be calibrated for different proton energies by observing the ratio of response for several proton bombarding energies. SEM's used in conjunction with TIC's provide considerable redundancy and a large dynamic range in response.
Coutrakon et at. have tested a noble gas-filled scintillator cell for purposes of proton beam intensity monitoring (Coutrakon et al., 1991) . A Xe gas path length of 70 atm-mm was traversed by 230 MeV protons. Gas scintillations resulted in a typical photomultiplier current of 25 rnA for a nominal proton current ofOA nA. The observed signal-to-noise value of 80 dB ensured accurate proton fluence rate determination with a large dynamic range. This device could also be operated in single photon counting mode for lower proton intensities, extending the dynamic range even further. By detecting gas scintillation, problems associated with ion recombination present in ionization chambers are minimized. Such an instrument may be advantageous for monitoring proton fluence during active beam scanning due to the large available dynamic range, good signal-tonoise ratio, and immunity from saturation phenomena.
Special Considerations for the Monitoring of Dynamic Beam Delivery
Determination of the absorbed dose delivered in a single treatment session must be performed in much the same way for dynamic or passive beam delivery techniques. However, in dynamic beam delivery, the readout of the dose monitor at any time during the treatment session has no simple correlation to the total dose delivered to any portion of the target volume. The reading of the monitor at the conclusion of the treatment contains information on the total number of protons delivered, but not on their planar distribution. Therefore, in addition to the total proton fluence, the fluence at each location on the surface ofthe monitor must be determined with two independent measuring channels. This measurement must be performed quickly and with a precision of better than 3% per location. Of the two monitors, one is actively controlling the dose delivery while the other one, with a few percent higher preset, is acting as a safety device.
The proton beam position must be verified to a fraction of the beam diameter to avoid errors in the overlapping of beam positions which could ultimately create inhomogeneities in the dose distribution. This position measurement can be performed with pad ionization chambers (Coutrakon et at., 1991) , using pad sizes matched to the diameter ofthe scanning beam. Pairs of strip ionization chambers can serve the same purpose. Th reduce the electronics necessary for the readout of the elements, every nth pad or strip can be connected to the same readout. An even simpler technique is to use a parallel plate ionization chamber with two measuring electrodes and a zigzag high voltage electrode in between (Bacher et al., 1989) . The ratio of the two ionization currents contains the information of where, in relation to grooves of the high voltage electrode, the beam has passed. A single tilted high voltage plane can also give the position with respect to the chamber, but with less precision (Bacher et al., 1989) .
For line scanning, the beam profile along an entire line must be compared with the desired profile. In addition to the beam position on the entrance plane, the range of the protons must be known (Bennett and Archambeau, 1977) . Ifa mechanical range shifter is used, the verification of the material introduced in the beam may be used as a check, once the correlation with the actual range has been established.
For verifying the distribution of dose within the treatment volume when using dynamic beam delivery, measurements in phantoms with density inhomogeneities or in anthropomorphic phantoms, are essential. Two examples of detectors which could be useful for this are two dimensional detectors, e.g., track detectors (Sunaga et al., 1988) or even 3-D gels of FeS04, which are discussed in Section 6.2.1.3.
Dose Distributions
Relative dose measurements require no detector calibration other than verification of appropriate linearity of response within the assumed range of measurement conditions. Relative dose measurements are employed for routine daily clinical physics activities, system commissioning, quality assurance, research and development.
Measurements made during the commissioning of a treatment system include mapping of clinical radiation fields and determination of fundamental beam characteristics, including beam range, unmodulated beam depth dose curves and dose distributions within pencil scan beams. These characteristics are necessary for design and control ofthe beam delivery system. For example, unmodulated depth dose data are used to design range modulators. Once the delivery system is ready for patients, clinical beam field mapping measurements are made for the range of treatment conditions. Proton patient portals require an individual physical calibration measurement or computation of treatment dose monitor setting from a calibration model. Individual patient calibration is performed with a dosimetry system having a known dose calibration relative to the proton facility primary dose standard. Dosimetry data are acquired as relative dose measurements during commissioning and from accumulated individual patient calibration data.
Detectors for Dose Distribution Measurements
Detectors employed for relative dosimetry must have the appropriate sensitivity, energy independence, response linearity and spatial resolution for each clinical dosimetry task. Ionization chambers, silicon diodes, x-ray film, diamond detectors, TLD, and radio chromic film can be employed. Since dose gradients at the edges of proton beams are rather steep, ionization chambers are often considered too large to accurately map dose distributions in proton beams and are therefore not discussed in this section.
The irradiation medium for clinical dosimetry should simulate patient treatments as closely as possible in terms of phantom composition, location and extent. Water should be regarded as the standard reference medium. However, water-like substitute materials may be used provided that the behavior of the beam within the medium relative to its behavior in water is understood.
The time structure of the beam must be considered in designing clinical dosimetry measurements. A detector must dwell at the same location for many beam cycles to obtain reproducible results. Examples of cyclic behavior which must be considered include the accelerator duty cycle, time structure within a treatment beam pulse, pulsed irradiation of a rotating modulator wheel, and dynamic beam spreading. Dosimetry measurement systems with multiple detectors in linear, area or volume arrays save time for measurements of dose distributions, particularly in dynamic systems. It should also be noted that many relative dose measurements employ a separate detector as a reference monitor to correct for dose rate variations.
6.2.1.1 Silicon Diodes. Semiconductor diodes have routinely been used for absorbed dose measurements. Because of their small volume, typically 0.1 mm 3 or less, excellent spatial resolution is achieved with good sensitivity. Due to these advantageous features, Si diodes have been widely used in radiation dosimetry (Gulbranden and Madsen, 1962; Raju, 1966; Koehler, 1967; Trump and Pinkerton, 1967; Smith et al., 1977) . In most cases, Si diodes are operated without external bias, in the so-called photovoltaic mode, where the intrinsic depletion region is used to produce charge flow (Kleven hagen, 1977; Maruhashi, 1977) .
As the charge flow is by impurity carrier in the diode junction, large instantaneous doses or dose rates, even of low-LET radiation, produce a nonlinear dose response in n-Si diodes (Rikner and Grusell, 1987) . Using p-Si diodes reduces this effect (Grusell and Rikner, 1986) . Additionally, due to lattice damage (Knoll, 1989) , the sensitivity per unit absorbed dose varies with the magnitude of previous exposure. Such lattice damage is dependent upon the type of particle producing the defects, with greater damage resulting from more massive particles. Rikner measured the relative damage from equal doses of 8 MV x rays, 20 MeV electrons, and 70 MeV protons and established a relative damage ratio of 1 : 20 : 40, respectively (Rikner, 1983) . For 70 MeV proton bombardment, the damage from a 10 kGy exposure reduces the sensitivity to 30% of the value prior to irradiation.
When Si-diodes are used for absorbed dose determinations for protons, an energy dependent response different from that of ionization chambers, is observed. Koehler (Koehler, 1967) and Raju (Raju, 1966) observed a discrepancy between diode response and gas ionization chamber response near the Bragg peak region. These results were confirmed by measurements at Louvain-Ia-Neuve with both monoenergetic and spread-out Bragg peak beams 4 • Figure 6 .6 shows a plot of diode and parallel plate ionization chamber response versus proton residual range for a monochromatic beam. Values are normalized to the Si-diode peak response. The ionization chamber response is about 93% of the diode response at the Bragg peak. Note that this difference is not explained by differences in stopping power between air and Si which would produce a correction increasing the difference. Columnar recombination may contribute to the observed effects.
Case et ai., (Case et ai., 1994) modeled the response of thimble and parallel plate ionization chambers and silicon diodes using a stochastic proton transport technique. They demonstrated geometryinduced effects in response in the thimble ionization chamber which they claim might explain part of the difference between the response of diodes and thimble chambers near the distal portion of the Bragg peak. Geometric effects would not explain the difference in response between plane parallel ionization chambers and silicon diodes.
Whatever the explanation, silicon diodes are clearly not giving a response that is similar to absorbed dose in tissue at proton energies below 20 MeV as measured by ionization chambers. To interpret their response as absorbed dose in tissue requires knowledge of the proton energy fluence spectrum at each point of measurement, particularly for protons with energies below about 20 MeV. Hence, caution is advised when using silicon diodes for proton dosimetry.
6.2.1.2 Films. Radiographic film can be a very convenient method of measuring proton relative doses. The response of film is based on the formation of a latent image in microscopic silver halide crystals (grains) dispersed uniformly on a gelatin base (emulsion). The development process reduces the affected grains to silver, while the fixing process removes un irradiated grains. The resulting optical density is proportional to the fluence of particles passing through the emulsion (Dudley, 1966) . As a result, changes in optical density across the film can only be interpreted as changes in dose if the energy spectrum of the protons is constant. Therefore, films can be conveniently and safely used to measure the distributions perpendicular to the proton beam direction, but not along the beam axis to measure depth dose distributions. In an intermediate situation, where film is to be used to verify the dose distribution of irregularly shaped volumes, and where there is a mixture of protons with different energies, an expected film density distribution should be calculated on the basis of the known energy distribution and a measured density-fluence calibration curve of the film and compared with the measured distribution. In spite of the fact that film does not give a response which is linear with dose, the simplicity and convenience of film makes it a very useful medium for studying the changing fluence distribution of a proton beam as it passes through matter. 6.2.1.3 Other Detectors for Relative Dosimetry. Small tissue-like integrating dosimeters allow a more precise determination of absorbed dose at high spatial resolution than many other dosimeters. The crystalline amino acid, L-alpha-alanine, is a good example. Alanine is a solid hydrocarbon in micro-crystalline form that, when bombarded by ionizing radiation, produces free radical products that can subsequently be quantified by electron spin resonance (ESR) spectroscopy. Similar to TLD dosimeters, alanine acts as a single target system, exhibiting a linear response with absorbed dose until saturation occurs. Regulla and Deffner (Regulla and Deffner, 1982 ) report a tissue-like absorbed dose response to a wide range of photon energies. For 200 mg samples, they observed a linear absorbed dose response range from 1 Gy to 10 5 Gy. As with other solid state dosimeters, the absorbed dose response depends upon LET, i.e., the spatial pattern of energy depositions by ionizing radiation. Hansen and Olsen (Hansen and Olsen, 1985) report integral ESR response values relative to gamma-ray or electron bombardment for 16 MeV and 6 MeV protons and 20 MeV alpha-particles of 1.00, 0.86, and 0.58, respectively. For these bombardment conditions, the average mass electronic stopping powers in alanine were 38,119, and 534 MeV cm 2 g-l, respectively. While the relative sensitivity per unit absorbed dose varied with stopping power, the observed linearity and saturation dependence was independent of stopping power, that is the free radical production was dependent upon stopping power as a simple scaling factor. Low-LET radiation results in the production of free radicals which are stable at room temperature. However, for high-LET radiation, significant fading occurs which depends upon the total absorbed dose delivered. Hansen and Olsen (Hansen and Olsen, 1989) reported 2.5%, 3.2% and 3.7% fading at 1000 h following exposure to 16 MeV, 6 MeV, and 1 MeV protons. Even for low-LET radiation, Regulla and Deffner (Regulla and Deffner, 1982) reported 10% fading at elevated storage temperatures of 70 °C, as well as increased yields for irradiations at elevated temperatures, 20% at 90 fiC and 10 5 Gy. Use of the alanine dosimeter for clinical proton beam absorbed dose determinations requires consideration of the proton energy fluence spectrum and control of the environment during and subsequent to bombardment.
The conversion of Fe 2 + to Fe 3 + in an aqueous ferrous sulfate solution by radiation can be measured by optical densitometry at 305 nm, but also by magnetic resonance. MRI of gels containing FeS04 is being investigated by several authors (Gore et al., 1984; Hazle et at., 1991; Podgorsak and Schreiner, 1992; Maryanski et ai., 1994) as a potential 3-D dose verification system.
Other detectors such as TLDs, diamond detectors (Vatnitsky et ai., 1995) and radiochromic film (Nichiporov et al., 1995) are being used as relative proton dosimeters. Since their energy-dependent response characteristics have not yet been well documented, their use has been limited.
Determination of Dose Distributions
The description of the changing energy and spatial characteristics of a proton beam as it passes through matter is critical for predicting the dose deposition of the protons. The relative dosimeters described above can be very helpful in determining these characteristics. The determination and parameterization of the dose distribution in matter is important for the accuracy of dose calculations in treatment planning programs. 6.2.2.1 Measurement of Beam Range and Depth Dose Characteristics. A critical aspect of proton beam treatment is the ability to stop the beam at a specific point within the patient. Accurate control of the stopping point depends on knowledge of the beam range in water and of the waterequivalent path lengths (wepl) of materials placed in the beam path and of the tissues traversed. Central axis beam range in water is measured for the beam energies and range absorbers which are to be used clinically. Depth dose distributions should be determined for a selection of energy, range modulation, field size and other treatment parameters that may affect the distribution. The slope of the distal fall-off zone will depend on incident beam energy, energy spread within the accelerated beam, and range straggling produced by absorbers in the beam delivery system and by the patient.
Range and depth dose measurements may be made directly in a water phantom or in a suitable substitute medium. A suitable phantom should have an effective atomic number and density close to that of water to assure that both the scattering and range properties are appropriate. Such a material may be characterized by measuring its effective path length relative to water. A solid phantom with characteristics known to be similar to water has the advantage of very accurate thickness or depth determination. Phantoms made from polystyrene or other plastic, with optional cavities machined for different detectors, plus a selection of variable thickness absorber slabs of the same material, can be usefuL Accurate depth dose measurements must be made throughout the Bragg peak region, including the sharp distal fall-off region near the end of the range. This requires a detector with good spatial resolution and with a dose response which is independent of the variation of proton energy with depth. Although ionization chambers and silicon diodes would appear to be useful for depth dose measurements, caution is called for when using silicon diodes since, as was noted earlier, they have been observed to have approximately 10% higher response than parallel plate ionization chambers in the Bragg peak region (Raju, 1966; Koehler, 1967; Vynckier, et ai., 1994) . Radiographic film should not be used for depth dose measurements because of its significant variation in response per unit dose as a function of depth within a proton beam.
Water-equivalent path lengths for materials placed in the beam path are measured, and, for purposes of treatment planning, the relationship between wepl and CT number (based on relative x-ray attenuation coefficients) for body tissues is established. The distribution of dose as a function of depth, determined as a basic characteristic of the beam, is also required data for treatment planning. The wepl for materials may be measured by submerging samples of known thickness in a water phantom and measuring the effect on beam range. The wepl of materials used for patient-specific devices such as range shifters and tissue compensators, need to be determined. In addition, the wepl of tissue substitute materials should be determined and correlated with observed CT numbers for the same materials.
The variation of depth dose characteristics with field size should be measured. The shape of the depth dose curve may differ significantly for small fields and at locations within irregularly shaped fields where the lateral extent is less than a few penumbra widths. An understanding of this variation is important for treatment planning and treatment field calibration. Depth dose near the surface of treatment fields may be affected by protons scattered from field shaping apertures. Aperture scatter effects also may be more pronounced for small and irregularly shaped fields.
Lateral Dose Uniformity and Beam Penumbra.
For proton treatment beams which are produced by passive beam shaping (scattering) techniques, the lateral uniformity of proton treatment fields should be comparable or superior to that of conventional photon and electron fields. Uniformity may be expressed in terms of field symmetry for points equidistant from the beam central axis and as flatness variation over some designated portion (e.g., 80%) of the field area. Uniformity characteristics should be measured at several depths for the variety of available treatment planning dose distributions.
The shape of the dose distribution at the lateral field edge is extremely important in planning proton beam treatments. Field placement in proximity to radiation sensitive normal tissues depends on accurate knowledge of the penumbra as well as consideration of uncertainty in patient alignment. Penumbra widths may be defined as the distance separating stated dose levels (e.g., 80% to 20% of the central axis dose at that depth). Penumbra characteristics, which can be determined by beam profile scans, will depend on the design of the beam delivery system and will vary with most treatment parameters including beam energy, range shift, depth in the patient and collimator-to-skin distance (Urie et al., 1986) . These variations should be accurately measured and reproduced within the treatment planning system.
Lateral uniformity measurements should be made in water or in a water-equivalent phantom with a detector having high spatial resolution in the scan direction. Energy independence for lateral scanning is not as important as for depth scanning. Silicon diodes, diamond detectors and small ionization chambers are useful. Radiographic film placed in a phantom perpendicular to the beam direction provides results similar to the other detectors. The film should be scanned with a system which has good spatial resolution and a film density response correction should be made.
